A NONCONFORMING IMMERSED FINITE ELEMENT METHOD
FOR ELLIPTIC INTERFACE PROBLEMS
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Abstract. A new immersed finite element (IFE) method is developed for second-order ellip-
tic problems with discontinuous diffusion coefficient. The IFE space is constructed based on the
rotated-@Q1 nonconforming finite elements with the integral-value degrees of freedom. The standard
nonconforming Galerkin method is employed in this IFE method without any stabilization term. Er-
ror estimates in energy and L2-norms are proved to be better than O(h+/|logh|) and O(h?|log h|),
respectively, where the |log h| factors reflect jump discontinuity. Numerical results are reported to
confirm our analysis.
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1. Introduction. We consider the second-order elliptic interface problem:

(1.1a) ~-V-(BVu) = f in QUQT,
(1.1b) u = g on 09,

where, without loss of generality, we assume that a CZ-continuous interface curve
I’ separates the physical domain  into two sub-domains Q= and QF, such that
Q= Q+rUQ UT, see an illustration in Figure 1.1. The physical domain Q C R? is
assumed to be occupied by two materials such that the diffusion coefficient 5(x,y)
is discontinuous across the interface I', and it is assumed to be a piecewise constant
function defined by

(12) s ={ o & mEay

such that min{8~, 37} > 0. Across the interface T', the solution and the normal
component of the flux are assumed to be continuous, i.e.,

(1.3a) [ulp = 0,
(1.3b) [v-BVul. = 0,

where [v]r = v*|r —v7|p, and [v - BVu]p =vT - fTVuT + v - f7Vu, with v the
unit normal of I'.

Conventional finite element methods (FEM) can solve this elliptic interface prob-
lem satisfactorily provided that solution meshes are shaped to fit the material interface
[5]; otherwise the accuracy of the solution is uncertain [1, 14]. Immersed finite ele-
ment (IFE) methods [3, 10, 13, 15, 20, 24, 25, 29, 30, 32|, on the other hand, do not
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Fic. 1.1. Body-fitting mesh and non-body-fitting mesh of an interface problem

require meshes to fit the interface. Hence, if desired, Cartesian meshes can be used
to solve interface problems which is advantageous in many simulations. For example,
in particle-in-cell methods for plasma-particle simulations [21, 22], it is preferable to
solve the governing electric potential equation on Cartesian meshes for efficient parti-
cle tracking. Also, IFE methods, in either a standard fully discrete or a semi-discrete
(method of lines) formulation, can be used to solve time-dependent problems with
moving interfaces [19, 27] on a fixed Cartesian mesh throughout the whole simula-
tion.

The basic idea of IFE methods is to locally modify finite element functions on
interface elements to fit the interface jump conditions (1.3a) and (1.3b). For ellip-
tic interface problems, most IFE methods in the literature are modified from the
Lagrange-type finite element spaces (usually H!-conforming), whose degrees of free-
dom are determined by nodal values at the mesh points. However, IFE spaces origi-
nated from these conforming FE spaces are usually nonconforming because IFE func-
tions are discontinuous across interface edges. This discontinuity can be harmfully
large for certain configuration of interface locations and diffusion coefficients. Conse-
quently, the IFE solution is often less accurate around the interface than the rest of
solution domain. Our recent study in [28, 33] indicates that the convergence rates of
these Lagrange-type IFE functions used in the Galerkin formulation can sometimes
deteriorate as the mesh size gets small. In [28], a partially penalized immersed finite
element (PPIFE) method was developed to cope with the discontinuity of Lagrange-
type IFE functions. The PPIFE method is shown to converge optimally in the energy
norm.

Another framework to construct the IFE approximation is based on nonconform-
ing finite elements [4, 7, 23, 31]. One significant difference between conforming and
nonconforming finite elements is the way to impose the continuity of finite element
functions across elements. Conforming FE enforces the continuity through nodal
values at mesh points, while the continuity of nonconforming FE is usually weakly
imposed through mean values over edges/faces. The simplest nonconforming finite el-
ement defined on simplicial meshes is the well-known Crouzeix-Raviart (CR) element
[7]. For rectangular meshes, the simplest nonconforming finite elements are known as
the rotated-Q1 finite elements [4, 23, 31].

In this article, we develop and analyze an IFE method based on the nonconforming
rotated-Q); FEM without any stabilization term. Our error estimates show that the
method converges optimally sans factors of |log(h)| in both energy and L?-norms
with standard piecewise H2-regularity assumption. The main technique in our error
analysis is based on a special projection operator introduced in [8] to bound the
flux error on edges. We extend this projection to interface problems and show that
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the error bound of flux on interface edges induces a |log(h)| factor, which is crucial
for piecewise smooth functions, and therefore unremovable for interface problems.
The analytical technique in our error estimation is new to interface problems. Also,
the proposed IFE method here can be readily extended for solving problems with
nonhomogeneous jump conditions across the interface by following a homogenization
technique such as those developed in [10, 17].

The rest of this article is organized as follows. In Section 2, we construct the
nonconforming rotated-@); IFE space and present some basic properties. In Section
3, we discuss the approximation capabilities of the IFE space. In Section 4, we analyze
the error bounds of Galerkin IFE approximation to the elliptic interface problem in
energy and L?-norms. In Section 5, numerical results are presented to confirm our
analysis and to demonstrate features of the new IFE method. Finally, a few brief
conclusions are provided in Section 6.

2. Nonconforming Immersed Finite Element Space. This section starts
with notations and some preliminaries to be used in this paper. Then, we will intro-
duce the IFE space based on nonconforming rotated-@); elements.

1. Notations and Preliminaries. Multi-index notations will be employed
such that o = (a1, 2) € [Z*]*,|a] = a1 + as, together with the partial differential
operator 9% = 24 972 \where ZT denotes the set of all nonnegative integers.

9z 0z52”
Let S C Q be an open set such that SNT # (), and let S* = SN Q% s = —, +.
Then, let S = S~ U ST and we note that S # S. Let W™P(S) denote the usual

Sobolev space on the open set S with non-negative integer index m, equipped with
the norm and seminorm:

s = (X 100060l ax) ™, el = (X [ 10meeorax) ™,

la|<m \oz| m
for 1 < p < o0, and

[0llyym.o (5 = max ess.supld®v(x)[, [0l () = max ess.sup|0®v(x)].
lolsm yeg lal=m " xe§

In particular, for p = 2, we denote Hm(g) = Wm*p(g), and we omit the index p
in associated norms and seminorms for simplicity, i.e., [[v||ym, 2(5) = 1] 47m (3)> and

0] yrm, n2(3) = = [v]yym(5)- We will also follow the convention to drop the domaln index
S if § = Q. For p = 2, associated with the norm || - | ym (5)» the inner product for
H™(S) will be denoted by (-, ) g (&> With further simplification to (-,-)z and (-, ) if

m =0 and also if § = §~2, respectively. N
For m > 1, we define two types of subspaces of H™(S) whose functions satisfy
the interface jump conditions (1.3a) and (1.3b) on I'. First, we set

Hy(S) = H'(S) N H™(3),

endowed with the inner-product and the norm

(u, U>H"I(S) = (u,v H1(5)+ Z Z “u, 0% LZ(SS) ”uHﬁm(s) = (u,u)gm(s).
s=—,+ |a|=2
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Notice that H:(S) = H'(S) and that
[v]png = 0 in the sense of H%(I‘ NS) Yve HS), m>1.

In addition, for m = 2, we define a subspace of ﬁll”(S ) as follows:
H3(5) = {v e BE() : [vr- BVulpns = 0}

where the jump of the flux is understood in the sense of Hz(T'). Furthermore, the
concepts above can be readily extended to define the following spaces and the related
norms: for p > 2,

WEP(S) = Whr(8)nWP(5), W2T(8) = {v € WEP(S) | [wr - #¥0]ps = 0.

Assume that f € H=(Q), where H~1(Q) is the dual space of H () = flllo(ﬁ)
For the interface problem described by (1.1) and (1.3), we consider its weak form:
find v € H'(Q) such that u = g on 9 and

(2.1) a(u,v) = L(v) Vv € Hy(Q),
where
a’(u’v) = (BV’ILVU), L(U) = <f>U>H*1(Q),H(}(Q) ’

(-, ->V,7V being the duality pairing between the topological vector space V' and its dual
space V'. An application of the Lax-Milgram Lemma shows that there exists a unique
solution u € H(Q) for (2.1) such that

lull ) < Cllflla-1)s
where C' is a positive constant depending only on  and f.

2.2. Nonconforming FE functions. Let (2 be a rectangular domain or a union
of rectangular domains. Without loss of generality, assume that {75} is a family of
uniform Cartesian meshes for domain €2 with mesh parameter h > 0. For each element
T € Ty, we call it an interface element if the interior of T intersects with the interface
T'; otherwise, we call it a non-interface element. Without loss of generality, we assume
that interface elements in 7}, satisfy the following hypotheses when the mesh size h is
small enough:

(H1). The interface I" cannot intersect an edge of any element at more than two
points unless the edge is part of T'.

(H2). If T intersects the boundary of an element at two points, these intersection
points must be on different edges of this element.

(H3). The interface T is a piecewise C?-continuous function, and the mesh 7y, is
formed such that the subset of I in every interface element is C?-continuous.

Denote by 7,/ and T, = 75\ 7,/ the collections of all interface elements and non-
interface elements, respectively. For a typical rectangular element T' = [JA; As A3 Ay €
Tr, the following conventions for its vertices and edges are assumed:

(2.2) A1 = (z0,%0), A2 = (xo+ ha,y0), Az = (xo+he,yo+hy), As(zo,y0+ hy),

and

(2.3) 7 =A1Ag, 2= AgAs, 3= AsAy, 4= A4AL.
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We follow the classical triplet definition of a finite element [6]. On the element T, the
local FE space is defined by

2 2
T—Xo Y—Y [T —Zo Y—1Yo
II =S 1 — .
g pan{’ hﬂﬂ ’ hy ’< hm ) ( hy ) }

The degrees of freedom are defined as the mean values over edges:

(2.4)

1
(2.5) ET{W' ¢Td57j17273,41V¢T€HT},
Ity

where |v;| denotes the length of the edge ;. The local basis functions ¥;r, j =
1,2,3, 4, fulfill

1
(2.6) W/ Yjrds =6, Vi k=123/4.
Tk

Set the local finite element space on an element T as follows:

(2.7) SN(T) = Span {¢j 1 : j = 1,2,3,4}.

It is obvious that on every element T € Ty, SN (T) = Ilr.

2.3. Nonconforming IFE Functions. Next, we describe the construction of
a local IFE function, denoted by ¢, on a typical interface element 7' € T,/ whose
vertices and edges are given in (2.2) - (2.3).

A/l

A

Y3

Y2

3

Y4

Y3

Y2

Y1

Fic. 2.1. Type I (left) and Type II (right) interface elements

Assume that an interface curve I' intersects T € T,! at two different points D
and E, and the line segment DE separates T into two sub-elements T+ and 7.
Depending on the adjacency of the edges containing D and F, the interface elements
will be classified as Type I and Type II interface elements such that these two edges are
located at two adjacent edges and at two opposite edges, respectively. See Figure 2.1
for an illustration. We use a Type II interface element to exemplify the construction
of the local IFE functions and corresponding spaces, i.e., we assume the interface
points are such that

D = (1’0 + dhz7y0)u E= (xO + eha:ayO + hy)7
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where d,e € (0,1). A local IFE function ¢7 is defined as a piecewise rotated-Q1
polynomial as follows:

(2.8)
2 2
T — To Y — Yo T — Zo Y—Y .
CTJFC%_( hy >+C§r( hy >+Ci<< hy > ( hy >> 111T+7
] Y—Y0 T — T 2 Y—Yo 2
e () e (U )*C‘f(( i) ‘(m)) n

The coefficients c;t are determined by the mean value v; on each edge ;:
1
(2.9) T ¢Td821}j, ]: 1,2,3,4,
"YJ| Yi

and the following interface jump conditions

(2.10) [o7]5E =0,
(2.11) |l 6¥0rlyp ds =0,

¢T($,y) =

where v57 is the unit normal on DE. Note that the continuity condition (2.10) is
equivalent to

(2.12) [6r(D)] =0, [or(E)] =0, cf =cy.
Equations (2.9)—(2.11) provide eight constraints that lead to an 8 x 8 algebraic sys-
tem M.c = v on the coefficients ¢ = (¢, -+ ,c5,¢f, - ,cf ) withv = (vy,--- ,v4,0,---,0)%.

By direct calculation, one can verify that the matrix M, is nonsingular for all 5+ > 0
and 0 < d,e < 1; see [33] for more details. Hence, an IFE function ¢r satisfying
jump conditions (2.10) and (2.11) is uniquely determined by its mean values v; over
edges v, j = 1,2,3,4. For each j =1,2,3,4,let v=v; = (v, -+ ,v4,0,--- ,0)" € R®
be the j-th canonical vector such that v; = 1 and vy = 0 for k # j. We can solve
for ¢; = (¢, -+ ,cy,cf, -+ ,cf)t and use it in (2.8) to form the j-th nonconform-
ing rotated-Q-IFE local basis function ¢, . Figure 2.2 provides a comparison of a
standard rotated-Q:-FE basis function and the corresponding rotated-Q:-IFE basis

functions in both Type I and Type II interface elements.

’ "
;

F1G. 2.2. Nonconforming FE/IFE local basis functions

Denote by SZ(T) = Span{¢;r : j = 1,2,3,4} the local rotated-Q;-IFE space on
an interface element 7. The global IFE space is defined as follows:

Sh(Q) = {v € L2(Q): vlr € SN(D) i T e TN wlr € SL(T) i T e T},

(2.13) /[v],yds = 0 for all interior edges 7y of ’77L}
¥
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2.4. Basic Properties of IFE Spaces. In this subsection, we summarize some
basic properties for the IFE space Sp(2). The results can be verified via straight-
forward calculations. We also refer readers to Section 3.1 in [33] for proofs of the
following lemmas and theorems.

LeEMMA 2.1. (Unisolvency) On each interface element T € T,f, an IFE function
¢r € SE(T) is uniquely determined by its mean values (2.9) and jump conditions
(2.10)-(2.11).

LEMMA 2.2. (Continuity) On each interface element T € T, the local IFE
space Si(T) c C°(T).

LeEmMA 2.3. (Partition of Unity) On each interface element T € T,!, the IFE
basis functions ¢; 1 satisfy the partition-of-unity property, i.e.,

4
(2.14) > dir(zy) =1, V() €T
j=1

LEMMA 2.4. (Consistency) On each interface element T € T, the IFE basis
functions are consistent to standard FE basis functions in the following sense:

1. If there is no jump in the coefficient, i.e., BT = B~, then the IFE basis
functions ¢; 1 become the standard FE basis functions ;7.

2. If min{|T|, |T~|} shrinks to zero, then the IFE basis functions ¢;r become
the standard FE basis functions ;. Here, |T®| denotes the area of T°?,
s=—4,—.

LeEmMA 2.5. (Flux continuity on I') On each interface element T € T,!, every
IFE function ¢ € SL(T) satisfies the fluz jump condition weakly as follows:

/ [v - BV érlrgds = 0,
T

where v is the unit normal to T'.
LEMMA 2.6. (Boundedness) There exists a constant C, independent of interface

location, such that for j =1,2,3,4, and k =0,1,2,
(2.15) 657 lyinoe(ry < Chz® VT € Tyl

THEOREM 2.7. (Trace Inequality) There exists a constant C > 0 independent
of interface location, but may depend on the diffusion coefficient 8, such that

1
(2.16) v - BV 1204y < Chy Vol ey Yo € SE(T)
where 7y is any edge of T, and v is the unit outward normal to T.

THEOREM 2.8. (Inverse Inequality) There exists a constant C, independent
of interface location, but may depend on the diffusion coefficient B, such that for

0<I<k<L2

217)  [olireerry < Chz'lolgnerys [olgeery < OB 0l gier), Yo € Si(T).



3. The Interpolation Operator and Approximation Capability. In this
section, we discuss the approximation capability for the nonconforming IFE space
Sn(Q). On each non-interface element 7' € T7,V, the local interpolation is defined
canonically by Zr : C(T) — SN (T), such that,

4

(3.1) Iru = Z <|71| / u dS> Vi,
vy

i=1

where v;, j = 1,2,3,4 denote the edges of 7. The standard scaling argument leads
to the following error estimates [31, Lemma 1J:

(32) ||ITu — uHL2(T) + ]’L‘IT’U, — u|H1(T) < Ch2|u|H2(T)
On each interface element 7' € T;/, the interpolation operator Zr : C(T) — S}(T) is
defined similarly as follows:

4

(3.3) Tru=>_ (Ivlil L u ds> i

i=1

Finally, we define the global IFE interpolation Z;, : C(Q2) — S,(Q) piecewisely such
that

(Ihu)\T =Zru VT €T,

The error estimates for the interpolation operator on interface elements are re-
ported in [11, 12, 33]. We only state the results in the following theorems.

THEOREM 3.1. There exists a constant C > 0, independent of interface location,
such that

(3.4) | Zru — ul p2(7y + h|Zru — u| g () < Ch2Hu||ﬁ2(T) Yu € I:f[%(TL

on every interface element T € 77{.
THEOREM 3.2. There exists a constant C' > 0 such that the following interpola-
tion error estimate holds:

1

2
(3.5) || Zhu — uHLz(Q) +h ( Z |Zru — uﬁql(T)) < ChQ””HEﬂ(Q) Yu € HE(Q)
TETh

4. The IFE Galerkin Method and Error Estimates. In this section, we
consider a nonconforming IFE Galerkin method and carry out its error estimation.

4.1. The nonconforming IFE Galerkin method. Given a mesh 7}, we de-
note by &, f’h and 5,2 the set of all edges, interior edges, and boundary edges, respec-
tively. The sets of interface edges and non-interface edges are denoted by &/ and &},
respectively. For the sake of simplicity, in the following discussion, we assume that
the interface curve T' does not intersect the boundary 92. Consequently, £f C &Y.

Define the bilinear and linear forms

an(wv) = Y /T6Vu-Vv b, Lw)= 3 /va dx.

TeTh TeTh



Define the trial function set and test function spaces as follows
Sh,g(Q2) = {v € Sp(Q): /v ds = /g ds, Vy € &},
¥ 2l

$n(9) = {v € Sn(Q) /v ds=0, ¥y e .

Y

The nonconforming IFE Galerkin method is: find uy, € Sj, 4(£2) such that
(4.1) an(un,vp) = L(vy), Y vn € Sp(9).
In the following, we derive the error estimation of IFE approximation (4.1).
4.2. Projection operators. For convenience in the analysis to follow, let
Vik =015 N 0Ty, ~v; =01;N0Q, VT;,T, €Ty,
and write
vi=vl, YTj €Th; ik =il Vv € EL.
Set
A" = {A A= (s Ag) € (Polra))® Age + My = 0 ¥ € &
A=) € Po(v;) Vv €&}

Denote by v; the unit outward normal to T;. We will use the following projection
operators introduced in [8]: Ty : T L?(y) = II Py(y) and II,, : H(2) — A" by
YEER YEER

(4.2) (v—Tov,1), =0 Vo€ L*(y) VyE€ &,

(4.3) <ﬁgz] —II,v, 1> =0 WYwe ﬁ%(Q) Vi € En,
J Vik

so that IIj(v) := Il (v]y) = ﬁ fv v ds is the average of v over v and

a’l}k

v 3
Buk

H’Ykg
811_]'7 0 ﬂ

(Huv|7jkanuv|wkj) = (Hg7k5 > € R? V’}/jk € 5;{

LEMMA 4.1. Let v = (0,h) with v~ = (0,a) and v+ = (a,h). Assume that
u € L3(v) and ul,s € Hz(y%),s = —,+. Then u € H2 (v) for every e € (0,1).
Moreover, there exists a constant C independent of «, such that

)

C
Il =z (ol

Proof. For every e € (0, i), let 0 = % — ¢, then o € (%7 %) Forg>1andye~,

dx =
o o —g|@F2d ™ 1—(1+20)q

/ 1 (h _ y)17(1+20)q _ (0[ _ y)17(1+2a)q
Y
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Since o € (i, %), we specifically choose
1y, 2 L 2-c
1= 3 1420 1= 50—

Then 1< ¢ < 1+20, 1—(1420)g# —1,and 1+ 20 < (1 + 20)g < 2. Hence,

1
I(v~,7",0,q) '*/ / ————duxdy
v Ix — y|(1+20)q

— h?—(1+20)q_ h— 2—(1420)q _ ,2—(1420)q
(1—1+20 )(2 1—1—20 )( (h=a) “ )

’ 1 1 C

1—c¢ €

IN

1+20 ’

<C
- ‘1 (1+20) ‘

Therefore, using p such that % + E =1, and the above estimate, we have

‘2
/ / \m— |1+20 o, drdy
1N\ 2 1
</ [/ () — uf )|2de]2” [/ 1 dx]qd
u — -
Ty vt / vt |z — y|(1F20)a Y
1 1 1 1
q q
<9 2 b Ty 2 / S
<2 [ Wt || ] a2 [ 100 | [ o]
1 1
< Aoy, ( / wy) Iyt 0.q) +2( / |u<y>|2pdy) 17+ 0.q)
Y o2

1 1
1\« 1\«
< Ol (3) "+ Cllullan ()

2(1—¢)

1 2—¢
< — 2 2
<c () (| aZy ”““Ha(w)) |

In the last step, we used the Sobolev embedding theorem for one dimension:

W%’2(’YS) — Wo’p($)v s=—,+, D€ [1’00)

Q=
Q=

By definition of the fractional Sobolev norm, we have

lu(x
Jullyery = el / / ) “E gy
O gy 3 [ [ 1400
———————dxdy + 2 dzd
=ttt [ f 5 |x— o yen [ [ B

|2
S ded
o[]S

2(1—¢)

1\ 2~
<l € (2)

H? (v+)

2 2
(12, ey #1002 )

C C
lellree) < gz (it oy * Tt ) < 2 (Bll g oy + Bl )

which leads to
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because for small €, we have

1—c¢ 1 € € €3

0
THEOREM 4.2. Let T € Ty, and v be an edge of T. Then there exists a constant
C > 0 such that the following hold on a mesh Ty, with a sufficiently small mesh size:
1. IfT e TN and v e H*(T) + SY(T), then

< Ch2 ||| g2(ry-

Hﬂgv —1II,v
v L2(y)

2. Ifye&N but TeT!, andv € ﬁg(T) + SH(T), then

ov 1
Hﬂay v < Ch? (IIvHHz(f—) + ||”HH2<:F+)) :

L2(v)
3. Ifye&l andv e f{E(T) + SH(T), then

s

1 1
- < et llog it (ol + 10l oz )

L2(y)

Here, for T € T)!, designate
~ TNO* H(T
Ts — N fOT'UE IB( )7 fOTS:+,—.
T8 forve S, (T),

Proof. Let v € &,. In the first two cases we assume v € &, but for the third
case we assume v € &/. Then by the standard trace theorem or the lemma above, we

have 5% c H%(v) or Bg—l’j € H%—f(fy) for any € € (0, i)

Since II,v is the L? projection of Bg—l’j to the space of constant polynomials,

applying the error estimate for polynomial projection and the standard error estimate
on interpolation of Sobolev spaces (see [9, Theorem 1.4, p.6]), we have

N ont 8%, HEYEEY

v M

<
L2(7) Ch%76‘|5%||1{%76(7)

(4.4 W

if v € &l
For the first two cases, by the definition of the H'/2-norm for the zero-th order trace

of a H! function, see for example [2], we have

H'B%HHl(T) if 7€ T,

, S
o ||6%||H1(Ts) = Hﬂg%HHl(f—) + Hﬂ%nm(fﬂ if T €7,

max{ﬁ+vﬂ7} HU“HZ(T) ifT e 7—hN7

, =
HZ(v) max{5*, 37} [0l gy HT € Us
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For the third case, applying Lemma 4.1, we have

oy S 72 U85t ) #1855 s )

C
(46) < 2 (Whgsay + Wl

Finally, all the estimates in this theorem follow by applying (4.5) and (4.6) to (4.4),

and by taking the minimum of # over 0 < € < 1/4. Indeed, at ¢ = ﬁ, for

ov
H%u H

0<h< 2, the minimum value is

1 .
—— = h7eer/2]og — = V2e|log h
he e og 2¢|log h?.

4.3. The Energy-Norm Error Estimate. Define the (broken) energy norm

lull = van(u, ).

As needed, we quote the following second Strang lemma for the IFE solution:
LEMMA 4.3. Let u € HE(Q) and up, € Sh(Q) be the solutions of (2.1) and (4.1),
respectively. Then,

— L
A7) Nu—unll <C4 inf Ju—vpll+ sup 12(wn) = L)l L
0 €SR(Q) wi €51 () llwn I

We are now ready to state and derive an error estimate in the energy norm.
THEOREM 4.4. Let u € HE(Q) and up, € Sp(2) be the solutions of (2.1) and
(4.1), respectively. Then, there exists a constant C such that

1
(4.8) llu —upll < Ch ||UHH2(Q) + | log A2 Z HU||1§2(T)
TeT,!

If, in addition, u € qu(ﬂ) for some q > 2, then there exists hg > 0 such that, for
all 0 < h < hg,

(4.9) e = wnll < Ch(lull oy + 3 Nullgnacry)-
TeT,!

Proof. We need to estimate those terms bounding [lu — upll in (4.7) of the Strang
lemma above. By the interpolation estimate (3.5), we can estimate the first term on
the right hand side of (4.7) as follows:

(4.10) irslf(m llu — vnll < Chllul| 72 (q)-

VRESH

Next, let wy, € Sy () be arbitrary. Then, since u € H(Q), it follows that

anlis ) = (V0. Vunr, = = YV 5Vucwn)s, + 3 (55 un )
i J oT,

J J J j

= (=V - BVu,wy +Z< wh> .
v aT;



13

Hence, by choosing m; € Py(T}) to be the the average of wy, over T}, one sees that

Ou; Ou;
an(u,wp) — Llwy) =Y <68:j]_;wh> => <%ZJ - Huuijh>
j J oT) j J
ou.:
(1) L )
j J

Hence, by Theorem 4.2, the trace inequality on T}, and the approximation capability
of m;, we have

or;

|an(u, wn) — L(wn)|

< 8uj I 2
= (zj: Hﬁal/] — uy

1 1
) (D o = mil32om,)”
L2(9T;) 7

1
SCh%( S lullizer + og b2 S ||u|\g2(T))Ch%(Z||thH%2(Tj))2
J

TeT,N TeT!

(412) <Ch( D2 Nullzry + oghl > llulza(r) ) Neonll

TeTN TeT/!

Then, applying (4.10) and (4.12) to (4.7) leads to (4.8).
Assume that u € Wg’q(Q) for some g > 2. Then choose p such that % + % =1, so0
that, for T € T}

ol 72y < (2/T > |Dau|2dx)% < (/T 1sz>21p (2/T<

la|<2

1
< cmﬁ(Z/T 3 |Dau|qczx)“ < OB |[ullga.a (-
s=+ s

lal<2

1

Z |D“u|2) gdz) ’

lor <2

Hence, the second term in (4.8) can be bounded by

1 1.1
[loghl? > Null gy <C > [oghl? k¥ |[ullgs -
TeT,! TeT,!

Since limyp,_, | log h|%h% = 0, there exists hg > 0 such that the estimate (4.9) is valid
for 0 < h < hg. This completes the proof. O

REMARK 4.1. Indeed, (4.8) implies that the IFE solution converge faster than
O(h|log h|?), since its multiplication factor, ZTeT,f Hu||ﬁ2(T), goes to zero as h — 0.

4.4. Duality and the L?-Error Estimate. Let
Np = Ihu — up € Sa'h(Q),
and let ¢ € I;fg (€©2) be the solution of the dual problem:

(4.13a) -V (BVY) = np inQ,
(4.13b) v = 0 ondQ.
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Assume that the interface problem (2.1) is ﬁg(Q)—regular so that the elliptic regularity
estimate holds:

(4.14) 191 20y < ClinnllLze)-

We start from recalling the following standard estimates for the IFE interpolation
Irtp: there exists a constant C' such that

(4 15) ||Ih¢HH2(T) < C||¢||H2(T) VTG'ELN,
||Ih1/JHH2(TJf) + ||Ih¢||H2(Tj+) <C H¢||g2(T) VTe 'ThI

Since 7y, € S, (), it follows that

1o}
22y = (= - B9, 1) = an(, ) Z< ¢?,nh>

; Ty

o ;
= an(¥,1n) — Z <ﬂaﬁ] —ILj,nn, — qj> for all g; € Po(T}).
j J T,

Next, for all vy, € Sj,(Q), similarly to (4.11), we have

an(Mn,vn) = an(u, vy) — an(un, vn) — ap(u — Zpu, vy)

- Z < 3uj — I uy;, vhj> — ap(u — Thu,vp).

oT;

Using the property [¢] e = 0 and recalling the definition of II,,, we see that

0 15;
<ﬁ Yo uja¢g> +<56Uk II ukv¢k> =0.
Yik Vi

ov; s

In addition, note that for vy, € S(Q), =V - (8Vvy) = 0 on every T € Tp,; hence,

an(u — Tpu,vp) = Z(u — Tnu, =V - (BVup))1; + Z <u Thu, Ba:jh>
J aT;

= Z <u Thu, ﬂ H,,jvh> .
' aT;
Therefore

o
iy = an (. ) Z< ?—Huwj,nhj—qj>
oT;

J
= ap(Mn, ¥ — vp) — ap(u — Tpu, vy)

_Z< aw] Huwjﬁnhj _qj> +Z< 8u] - Vuj’vhj _wj>
oT.

= an(mn, b —vn) = Y <U — Tpu, 587; - Hujvh>
J oT;

J

(416) _Z< 8¢J _Hlleanhj —qj>a —|—Z< auJ 11 VU, Up, w]>

aT;

oT;
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With these preparations, we are ready to derive the error estimate in the L?-norm
for the IFE solution. B
THEOREM 4.5. Assume that the interface problem (2.1) is Hg(ﬂ)-regular. Then,

there exists a constant C such that the L?>-norm error of the IFE solution satisfies the
following estimate:

1
(4.17) Ju — un| 2 (0 §0h2<|logh2||u|g2(m+logh > ||u|g2(T)).
TeT,!

Proof. We proceed to estimate each term on the right hand side of (4.16). First,
choose vy, = Zp1p. Then, by (3.5) and (4.14), the first term on the right-hand side of
(4.16) is bounded as follows:

(4.18) lan(n, ¥ —vn)| = |an (M, = Znab)| < Chllnall||nsll 2 @)

Again, choosing ¢; € Py(Tj) to be the the average of n, over Tj, by Theorem 4.2, the
trace inequality on T}, Theorem 3.2, and (4.14), we can bound the last two terms on
the right hand side of (4.16) as follows:

oY ou;
'zj: <53Z}j — vy, mn, — Qj>aTj + ’ Xj: </68:jj — Hyuj, v, — ¢j>

<Ch(0 Y Wz + NoghlF 3 102y ) Wl

TeTN TeT,]!
+Ch2 (S Nullarcry +loghlt > lullgary ) 18] )
TeTy TeT,!
(4.19)< Ch(log hlFmll + kY Nl +hlloghlE S lullzar) ) Innl 2o
TeTN TeT!

For the second term in (4.16), by Theorem 3.2, Theorem 4.2, (4.15) and (4.14),
vy,
(o ml )
; W, aT;
< 2 a’Uhj 3
< (;W—Ihub,a@) (; ﬁauj — I, vy )
3
< Ol oy (3 onlacry + Al loghl S onlagr,

TeTN TeT!

1
(4.20) < Ch?|log hl2 Jull g g Il 2(s2) -

2

Nl

0,0T;

S

Plugging the estimates (4.18)—(4.20) in (4.16) gives
1m0l 20y < Chllog |2 il + Ch?[log h|2 |[u] g2 g
< Ch|logh| (1Zpu — ull + llw — upll) + Ch?|log h\%||u||g2(m.

Finally, applying Theorem 3.2 and Theorem 4.4 to the above estimate, we arrive at
the desired estimate (4.17). This completes the proof. O

REMARK 4.2. The estimate given in (4.17) suggests that the IFE solution con-
verges in L?-norm better than O(h%|logh|) which is optimal sans the usual |log h|
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factor.

REMARK 4.3. An optimal rate O(h?) without |log h| factor may be obtained with
slightly better regularity u € wg’q(ﬂ), q > 2, and the elliptic reqularity assumption
based on Li-norm. In addition, the analysis requires the interpolation error estimates
for IFE functions based on L1-norm, which will be an interesting future work.

5. Numerical Examples. In this section, we present some numerical examples
to demonstrate the performance of the nonconforming Q;-IFE method for elliptic
interface problems. We also compare the numerical results obtained by this IFE
method with those obtained by the conforming @Q:-IFE method.

The tests will be performed on different shapes of interfaces. We will use a
family of Cartesian meshes {7 }o<n<1, each of which consists of N x N congruent
rectangles. Errors of an IFE approximation are reported in L*°, L2, and semi-H'!
norms. Specifically, error in L°°-norm is calculated using the formula:

(5.1) lup, — || L = max ( max |up(z,y) — u(x,y)|),
TETh \ (z,y)eTCT

where T' consists of the 49 uniformly distributed points in 7. We also report the
condition numbers for the stiffness matrices on each level of mesh.

5.1. Circular Interface. We first test the nonconforming IFE method on the
example given in [16, 28]. Let Q = (—1,1)?, separated by a circular interface curve I’
centered at the origin with radius ro = 7/5 such that

Q" ={(x,y) eQ:x? 4+ <7“8}7 Ot ={(z,y) €Q: z? 4 9> >r8}.

The exact solution is chosen as

r .

ﬂi ifr< To,
(5.2) u(z,y) = ra 1 1 W

ﬁj 57_ — ﬁj i) if r > T0,

where a = 5, r = /22 + y2.

Errors of numerical solutions for high coefficient contrasts (37, 3%) = (1,1000)
and (8, 7) = (1000, 1) are reported in Tables 5.1 and 5.2, respectively. Convergence
rates in semi-H! norm and L2-norm confirm our error analysis (4.8) and (4.17). Data
in these tables also suggest that the convergence rate in L°°-norm is approximately
second order, which is optimal from the point view of the polynomial degrees of the
IFE space. We also note that the condition numbers of the stiffness matrices grow
with order O(h™2). The numerical solutions for these two coefficient contrasts are
plotted in Figure 5.1. Numerical results for small coefficient jumps (e.g. = = 1,
BT = 10) are similar, thus we omit those data in the paper.

5.2. Sharp-Corner Interface. In this example, we consider the case when the
interface has a sharp corner. Let Q = (—1,1)2. The interface is defined by the level-set
function:

(5.3) [(z,y) = —y* + ((x — 1) tan(0))?z, 6 = 40.



Fi1G. 5.1. IFE solutions for Example 5.1 with (8, 8+) = (1,1000) and (8, 8+) = (1000, 1)

RQ1 Solution: #Cell = 65536, DOF = 131584

IFE solutions for the circular interface with 3~ =1, BT = 1000

TABLE 5.1

RQ1 Solution: #Cell = 65536, DOF = 131584

17

N DOF II-lL  rate |- 1lz2 rate [ rate Cond rate

8 1.44E+2 | 7.29E-3 1.06E-2 1.25FE-1 3.52E+4

16 | 5.44E+2 | 3.753E-3 0.96 | 3.96E—-3 141 | 8.73E—-2 0.51 | 1.53E+5 -2.11
32 | 2.11E4+3 | 9.28E—4 2.01 | 9.43E—-4 2.06 | 4.51E—-2 0.95 | 6.25E4+5 -2.03
64 8.32E4+3 | 2.15E—-4 211 | 231E—-4 2.03 | 232E-2 0.96 | 2.51E4+6 -2.00
128 | 3.30E+4 | 7.12E-5 159 | 5.85E-5 1.98 | 1.18E—-2 0.98 | 9.86E+6 -1.97
256 | 1.32E+5 | 1.69E—5 2.08 | 1.44E-5 2.02 | 5.93E-3 0.99 | 4.00E+7 -2.02
512 | 5.25E+5 | 4.37TE—6 1.95 | 3.62E—6 1.99 | 298E—-3 0.99 | 1.61E4+8 -2.01
1024 | 2.10E+6 | 1.14E—-6 1.94 | 9.15E-7 198 | 1.49E-3 1.00 | 6.46E+8 -2.00

TABLE 5.2
IFE solutions for the circular interface with 3~ = 1000, 8T =1

N DOF II-lL~  rate |- 1z2 rate [ rate Cond rate

8 1.44E42 | 3.77TE-2 1.42E—-1 2.31E-0 7.58E+4

16 5.44E+4+2 | 1.61E—-2 1.23 | 3.63£E—-2 197 | 1.49E—-0 1.00 | 3.01E4+5 -1.99
32 | 2.11E4+3 | 3.24E-3 231 | 9.05E-3 2.00 | 5.95E—-1 0.99 | 1.21E4+6 -2.00
64 | 8.32E4+3 | 8.35E—4 196 | 227TE-3 2.00 | 2.98E—1 1.00 | 4.97E4+6 -2.03
128 | 3.30E+4 | 2.10E—-4 1.99 | 5.68E£—4 2.00 | 1.49E—-1 1.00 | 1.99E4+7 -2.00
256 | 1.32E+45 | 5.15E-5 2.02 | 1.42E—4 2.00 | 745E-2 1.00 | 7.94E+7 -1.99
512 | 5.25E+5 | 1.24E-5 2.05 | 3.556E—5 2.00 | 3.72E—2 1.00 | 3.19E+8 -2.00
1024 | 2.10E+6 | 3.17TE—6 1.97 | 8.88E—6 2.01 | 1.86E—2 1.00 | 1.27E+9 -2.00

The subdomains are defined as QT = {(z,y) € Q : T'(z,y) > 0}, and Q= = {(x,y) €
Q:I'(z,y) < 0}. The exact solution is chosen as:

(5.4)

U’(‘r’y) =

1

g

—I'(2,y), (v,y) €Q7,

—F(:L’,y), (‘ray) € Qt.

ﬁ-i—

At the point (1,0), the interface curve has a sharp corner. The performance of our
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numerical scheme is reported in Table 5.3 and Table 5.4 for he high coefficient jump
cases (7, 87) = (1,1000) and (8, 8T) = (1000, 1), respectively. Similar conclusions
as previous ones can be made for such convergence tests. Furthermore, the numerical
solutions are plotted in Figure 5.2.

RQ1 Solution: #Cell = 66049, DOF = 132612

e 08
e 0 02 M
T 02
S o 04
4 P

1

-
08

F1G. 5.2. IFE solutions for Example 5.2 with (8~

TABLE 5.3

RQ1 Solution: #Cell = 66049, DOF = 132612

, B+) = (1,1000) and (83—, 5+) = (1000,1)

IFE solutions for sharp-corner interface with ~ =1, 8T = 1000

N DOF Il - lL  rate |- 1z2 rate |« |z rate Cond rate

8 1.44E+2 | 1.91E-2 4.02E-2 8.25FE—1 6.83E+4

16 5.44E42 | 6.04E—-3 1.66 | 1.00E—-2 2.00 | 4.12FE—1 1.00 | 2.62E+5 -1.94
32 2.12E43 | 1.74E-3 1.79 | 2.59E-3 195 | 2.06E—-1 1.00 | 1.01E+6 -1.95
64 8.32E+4+3 | 450E—-4 195 | 6.66E—4 1.96 | 1.03E—1 0.99 | 3.99E+6 -1.98
128 | 3.30E+4 | 1.22E—-4 188 | 1.66FE—4 2.01 | 5.14FE—-2 1.00 | 1.58E+7 -1.98
256 | 1.32E+45 | 4.02E-5 1.61 | 4.12E-5 2.00 | 2.57E—2 1.00 | 6.24E+7 -1.98
512 | 5.25E+5 | 1.14F-5 1.82 | 1.03E-5 2.00 | 1.29F-2 1.00 | 247E+8 -1.99
1024 | 2.10E4+6 | 2.86E—6 1.99 | 2.58K—6 2.00 | 6.43E—-3 1.00 | 9.81E+8 -1.99

TABLE 5.4
IFE solutions for sharp-corner interface with f~ = 1000, f+ =1

N DOF || -|lzee  rate |- 1lz2 rate |- g1 rate Cond rate

8 1.44E+2 | 3.45FE-2 1.70E—-2 1.62FE—-1 1.70E+4

16 5.44E42 | 9.29F-3 1.89 | 4.10E-3 2.05 | 8.38E—2 0.95 | 7.08E+4 -2.06
32 2.11E43 | 2.28K—-3 2.03 | 1.00E-3 2.03 | 4.18E—2 1.00 | 291E+5 -2.04
64 8.32E+3 | 5.24dE—-4 212 | 257TFK—-4 1.96 | 2.07E-2 1.01 | 1.16E4+6 -1.99
128 | 3.30E+4 | 1.33E—4 198 | 6.22E—5 2.05 | 1.03£—-2 1.01 | 4.66E+6 -2.01
256 | 1.32E+45 | 3.08E—5 2.11 | 1.49E-5 2.06 | 5.14E—-3 1.01 | 1.88E+7 -2.01
512 | 5.25E45 | 9.54F—-6 1.69 | 3.70E—6 2.01 | 2.56 E—3 1.01 | 7.52E+7 -2.00
1024 | 2.10E4+6 | 2.38E—6 2.00 | 9.28 k-7 2.00 | 1.28E—-3 1.00 | 3.01E+8 -2.00

5.3. Comparison with Lagrangian IFE Methods. In this subsection, we
address some similarities and differences between the nonconforming @)1-IFE method
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and the conforming @Q1-IFE method discussed in [16, 18, 26].

Both IFE methods can solve the interface problem (1.1)-(1.3) on rectangular
Cartesian meshes. In terms of computational cost, the conforming IFE method is
cheaper because the degrees of freedom of the nonconforming IFE method are about
twice as much as that of the conforming IFE method on the same mesh of N x N
rectangles. However, the nonconforming IFE method is advantageous in term of
accuracy and convergence. In Figure 5.3, we use the error surfaces to compare the
accuracy of these two IFE methods for the circular interface problem in Section 5.1
on the same mesh containing 80 x 80 cells. We notice that the error of conforming
IFE solution is much larger around interface than the rest of domain such that its
error surface possesses a prominent “interface error crown”. In contrast, not only the
nonconforming IFE solution is much more accurate than the conforming IFE solution
around the interface, but also its accuracy around interface is comparable to the
accuracy in areas away from the interface. Also as discussed in [28], the convergence
order in H'- and L?- norms for conforming IFE method can sometimes deteriorate
as the mesh size becomes small, and the order in L°°-norm can become far from
the second order. Adding penalty terms can eliminate these shortcomings of the
conforming IFE method [28], but this leads to a more complicated IFE method with
a higher computational cost while the nonconforming @1-IFE method is based on the
simple Galerkin formulation and still converges optimally.

Rotated Q1 IFE Error: #Cell = 6400 1113 4 Bilinear IFE Error: #Cell = 6400 /113 4

Fic. 5.3. Error surfaces of the nonconforming and conforming Q1-IFE solutions

We compare the discontinuity in a global basis of the conforming @Q:-IFE space
with its counterpart in the nonconforming @Q:-IFE space defined on the same mesh.
The first two plots from the left in Figure 5.4 are for the conforming ); basis and
the corresponding nonconforming Q1-IFE basis over two typical interface elements,
respectively. An obviously large gap along the interface edge in the first plot of
Figure 5.4 shows a much stronger discontinuity of the conforming @;-IFE basis than
the corresponding nonconforming @;-IFE basis shown in the second plot of Figure 5.4.
Furthermore, we plot the traces of these IFE bases on an interface edge in the right plot
of Figure 5.4. The blue curves in this plot are for the conforming Q1-IFE basis which
are far more apart than the red trace curves for the nonconforming-Q;-IFE basis.
From this plot, we can see the fact that, over each interface edge, the continuity of a
conforming @Q1-IFE basis is only maintained at the two end points, but the continuity
of a nonconforming @Q-IFE basis is maintained over the whole interface edge. It is
our belief that the less discontinuity in the nonconforming @1-IFE functions is a key
factor for the advantages of the nonconforming Q;-IFE method.
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bas
bas

—— bilinear|
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F1G. 5.4. Conforming Q1-IFE and nonconforming Q1-IFE bases with 3~ = 1, 3T = 1000.

6. Conclusions. In this article, we develop the nonconforming Q:-IFE space
ed on mean-value degrees of freedom. The new nonconforming IFE method is
ed on the standard Galerkin formulation. Error analysis shows the quasi-optimal

convergence in both energy and the L?-norms.
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